Ionic Polymer-Metal Composite (IPMC) 
INTRODUCTION
In order to improve engine fuel efficiency and exhaust emissions, advanced sensors of the engine management system (EMS) for closed-loop control are indispensible. Prime examples of advanced sensors in EMS are the mass air flow (MAF) sensor, manifold air pressure (MAP) sensor, ionization sensor, and oxygen sensor. The mass air flow in the intake manifold and the oxygen fraction in the exhaust stream before the catalytic converter are used by the ECM to adjust the fuel injection quantity to meet the desired air-to-fuel requirement at the given engine load and speed condition, while the ionization sensor is able to provide the combustion information ( [1] and [2] ). However, all these sensors have some intrinsic limitations which prevent them from fulfilling more challenging sensing requirements. Especially with the growing concern of energy and environmental problems, accurate airto-fuel regulation is required [3] . Therefore, an accurate fuel flow sensor becomes preferable [4] .
FIGURE 1. ILLUSTRATION OF THE MECHANISM OF IPMC MATERIAL
Over the past decade, ionic polymer-metal composites (IPMCs) have demonstrated tremendous potential for their applications in sensing, actuation, and energy harvesting ( [5] and [6] ). As illustrated in Figure 1 , an IPMC material has three layers, with an ion-exchange polymer membrane sandwiched by metal electrodes. Inside the polymer, anions covalently fixed to polymer chains are balanced by mobile cations. Deformation under a mechanical perturbation will redistribute the cations, producing a detectable electrical signal that is well correlated with the deformation by the mechanical perturbation.
A number of researchers have studied the fabrication ( [7] and [8] ), characterization, and modeling ( [9] - [13] ) of IPMC Proceedings of the ASME 2011 Dynamic Systems and Control Conference DSCC2011 October 31 -November 2, 2011, Arlington, VA, USA sensors and actuators. There has also been proof-of-concept exploration of IPMCs as mechanical sensors for force, pressure, displacement, and velocity measurement in medical applications, structural health monitoring, and robotics ( [14] - [17] ), as well as the pulsating flow sensor for the potential application in internal combustion engines [18] .
The correlation of IPMC sensor output (short-circuit current) and beam dynamics is given by [10] , which shows that the sensor signal is approximately proportional to the beam tip velocity. In order to extract the fluid property information from the IPMC beam response, an accurate dynamic model is required to describe the dynamics of an IPMC oscillating in the fluid media with certain fluid properties, such as density and viscosity. Dynamic modeling of an IPMC beam has been studied in the context of actuation ([19] - [22] ). In this paper, the beam is approximated as a multiple, serially connected rigid elements. The model is used to identify the fluid properties based upon the electrical signal provided by the IPMC beam using the least squares minimization approach. In order to correlate the sensor output signal to the force applied to the beam, the first mode shape ( [23] ) movement of the beam was assumed. The fluid properties were identified based on sensor signal (short current), and the identified results demonstrate good correlation with the actual fluid properties.
The rest of the paper is organized as follows. The second section provides a brief introduction of the IPMC beam vibration responses in various flow media. In the third section the dynamic model of the IPMC beam is described. The parameter estimation using the least squares minimization is presented in the fourth section and the parameter estimation results are shown in the fifth one. The conclusions and the proposed future work are addressed in the last section.
IPMC RESPONSES IN VARIOUS FLUIDS
The results of the IPMC beam responses in fluid media were presented in [18] . In this paper, a brief discussion of the beam responses is provided. Figure 2 shows the assembly in which the IPMC element was fastened into an adaptor to be used in a rigid flow channel. The width of the sensor was positioned perpendicular to the direction of the pressurized pulsating flow as shown in Figure  3 . The short-circuit current measured between the two electrodes of the IPMC beam was used as the sensor output.
FIGURE 3 EXPERIMENTAL SETUP DIAGRAM
Three flow media, nitrogen gas, distilled water and nHeptane, were experimented due to their distinct fluid properties such as density and viscosity, where both density and viscosity of n-Heptane are in the mid-range between those of nitrogen gas and distilled water. Figure 4 shows the responses of the IPMC sensor stimulated by three different fluid media after the solenoid, controlling the pulse flow, was energized. The fluid pressure was regulated at 207 kPa and the solenoid pulse duration (pulse flow duration) was set to 100 ms. The control logic pulse signal indicated the instant when the valve was energized. The most important information from Figure 4 is that the IPMC beam signals were quite distinct under three fluids. In particular, the peak amplitude and decay of the damped oscillations of each curve seem to be correlated with the difference in flow fluid properties. The signal magnitudes are the largest for water, which has the highest viscosity among the three fluids. The sensor's transient response to the closing of the solenoid valve also showed different signal profiles for the different fluids as depicted in Figure 5 .
As a result, the IPMC beam sensor demonstrates the ability of distinguishing different types of fluid media from its electronic signal.
AN IPMC BEAM DYNAMIC MODEL
In this section, in order to accurately capture dynamic responses of an IPMC beam subject to an evenly distributed external force due to the flow media, the full cantilever beam is discretized into a finite number of rigid-body elements. Figure  6 illustrates an example of discretizing the beam into three rigid elements. These elements have equal length and each element is linked with its neighbor through the connecting joints. The flexible nature of the material is modeled by using a spring ( i K ) and a damper ( i H ) at each connecting joint. The drag force (F Di ) produced by the surrounding medium can be modeled as a concentrated load applied at the gravity center of each element, and its direction is determined by the flow direction of the fluid. 
After discretization, the original cantilever IPMC beam is converted into a multi-link dynamical system. In order to study the modeling accuracy of the discretized beam, the Matlab/Simulink Simscape toolbox was used to optimize the number of elements to meet required accuracy of the beam tip velocity. In this paper, a five-element approximation is used in the analysis, and Figure 7 shows the free body diagram of one element. For each element, the governing equation can be written in the form as follow, 
where l is the length of one beam element.
)y are the reaction forces each on the joint of (i, i-1) and (i+1,i), and they have the following relationship,
where m i is the mass of beam i, ix a and iy a are defined by equations (4) and (5),
where ˆi a is the acceleration at the mass center of beam i; ( 1, ) i i a − is the acceleration at the joint of beam i-1 and beam i.
Note the acceleration (0,1) a at joint (0, 1) is zero (fixed). The force applied on each element is exerted by the surrounding medium consists of two terms,
where the first term is the drag force and the second term is the hydrodynamic force caused by the added-mass effect due to the beam vibration under a fluid medium. Parameters b and c are the beam element width and thickness. Note that V = V 0 +V yi , where V 0 is fluid velocity, and V yi is the y-direction component of the element linear velocity (V i ) at its center of mass. Assume that angle θ i is relatively small, so that V yi can be approximated by V i. Also note that C D in equation (6) is the drag coefficient and ρ is the density of the surrounding medium. M represents the added mass that is being pushed by the beam element, and it can be calculated by 2 / 4 M b l πρ = , see [19] and [24] . 
where γ is the Young's modulus of the IPMC beam material and ξ is the critical damping ratio of the material. The value of critical damping ratio ξ was calibrated using the experimental data. Note that, each element has the same rotational inertial, stiffness, and the damping coefficient.
In order to obtain a linearized model, small angle assumption was made such that sin 0, cos 1
Also, assume the added mass is relatively small, therefore the added mass term can be ignored during the calculation. Base upon the above assumptions, equation (1) can be written in a matrix form as below,
where J, H, and K are the matrices of moment of inertia, damping coefficient, and stiffness, respectively, and for a fiveelement case, they are given below 52  42  30 18  6  42  40  30 18  6  30  30  28 18  6  18  18  18  16  6  6  6  6  6 4
LEAST SQUARES PARAMETER IDENTIFICATION
Assume all the IPMC beam model parameters and fluid flow velocity are known, the only unknown parameters left in equation (6) are C D and ρ. Equation (11) can be rewritten into the following state space form, 1 / 2 1 1 1 
As mentioned above, the beam short circuit current signal, i short , is proportional to the beam tip velocity, V tip . That is
where η is the proportional gain, which can be determined by the formulae in [12] or obtained using the experimental data. In this paper, parameter η is obtained based on the high speed imaging and the beam short current signal, see [18] .
In addition, note that the damping matrix H is proportional to stiffness matrix in equation (11), or H = βK, where β is a scalar. The natural frequencies of each mode in system (11) can be obtained by using Rayleigh damping theory, see [23] . Equation (16) shows the system in modal coordinate, P P P P P P = consists of five system mode shapes,
Since the force applied to each beam element is assumed to be evenly distributed at the same direction, we assumed that the first mode dominates the beam vibration motion. This can also be observed by the high speed images in [18] . Therefore, the first mode vibration is used for analysis. ( )
The continuous time beam system model (13) was discretized into the following discrete state space model
with a sample step of 0.5 ms. The time response of the discrete model can be written as follows, 
Since system matrices ˆ( , , ) A B C are known and velocity vector, 2 V , defined after equation (13) can be calculated using equations (15) and (18), assuming that the beam electronic current signal is measurable and the fluid speed 0 V is known. Therefore matrix ( ) n Φ can be obtained based upon the beam current signal. To calculate the fluid property parameter D C ρ , the least squares minimal solution of equation (21) 
The solution minimizes the following cost function
Then, fluid property parameter D C ρ can be obtained from equation (22) .
TEST RESULTS AND DISCUSSIONS
In this section, the fluid property parameter, D C ρ , of the IPMC beam submerged in a fluid tube is calculated based upon the electronic signals of water and n-Heptane shown in Figure  4 and Figure 5 . Table 1 defines the parameters for the IPMC beam used in the test. Note that, the beam element length l is 1/5 of the total beam length. Table 2 provides the properties of the two fluids (water and n-Heptane), as well as their measured average velocity. The Reynolds number, R e , of the two fluids is obtained by solving the following equation
see [25] for detail. Based upon the obtained Reynolds number, the actual drag coefficient C D can be found using the table in [25] . Note that the obtained drag coefficient assumes that the actual beam shape is a round cylinder. Considering the beam is rectangular, an interval value is given in Table 2 . Next, the drag coefficient should be calculated based upon the test data for different liquids. In this paper, two fluid media were selected to demonstrate the proposed parameter estimation approach. They are water and n-Heptane. The test data shown in Figure 4 and Figure 5 was used to estimate their fluid property C D ρ. Note that parameter n, defined in equation (21), affects the accuracy of the least squares estimation. To demonstrate it, the water test data shown in Figure 4 is used. Figure 8 shows the beam current signal under water at the start of pulse flow, and its corresponding beam tip velocity obtained through simulation. Due to the nonlinearity at the start of pulse flow, the beam current signal cannot match with the simulated beam tip velocity. Also note that the linear model (13) assumes small displacement angle of the IPMC beam. Therefore, in order to precisely extract the fluid property, the current signal used for parameter estimation shall be small. Figure 8 shows the signal range selected for parameter estimation, where the current signal matches with the simulation beam tip velocity well. Figure 9 illustrates the estimation error in terms of the signal length n. The estimation error is respect to the mediate value of the calculated C D ρ shown in Table 3 . It can be seen that the estimation error reduces as the signal length increases. This is due to the fact that the estimation method is mainly dependent of the beam composite damping (beam and fluid damping), which requires certain signal length to be estimated precisely. Obviously, the selection of test data and the associated data length is critical for estimation accuracy. This is the subject of the future work. Figure 10 shows the selected data regions of the other three cases. The identified parameters were summarized in Table 3 against the calculated ones.
The calculated C D ρ was calculated base on the data shown in Table 2 , and the identified C D ρ is obtained based upon the test data using the proposed least squares scheme. It is easy to see that the identified parameters are very close to their corresponding calculated values. Furthermore, the identified parameters using the start of injection data are consistent with these based upon the end of injection data. This is very important for automotive applications of on-board diagnostics and detecting fuel composition. It is also worth to mention from Figure 10 that the data selection region of n-Heptane is smaller than that of water. This could be due to the fact that the IPMC beams have different characteristics under n-Heptane and water.
CONCLUSIONS
Motivated by the distinct signals of an IPMC beam under different fluid media, this paper investigates the feasibility of estimating the fluid properties using the IPMC beam current signal based upon the proposed finite-element model. A five element IPMC beam model was developed and validated using the experimental data. The fluid parameter estimation using the proposed least squares approach shows that the estimated fluid property is very close to these calculated based upon the know fluid properties. This consequently demonstrates that the proposed application of the IPMC beam to flow property detection is feasible.
